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ABSTRACT
Planet migration originally refers to protoplanetary disks, which are more massive and
dense than typical accretion disks in binary systems. We study planet migration in
an accretion disk in a binary system consisting of a solar-like star hosting a planet
and a red giant donor star. The accretion disk is fed by a stellar wind. We use the α-
disk model and consider that the stellar wind is time-dependent. Assuming the disk is
quasi-stationary we calculate its temperature and surface density profiles. In addition
to the standard disk model, when matter is captured by the disk at its outer edge, we
study the situation when the stellar wind delivers matter on the whole disc surface
inside the accretion radius with the rate depending on distance from the central star.
Implying that a planet experiences classical type I/II migration we calculate migration
time for a planet on a circular orbit coplanar with the disk. Potentially, rapid inward
planet migration can result in a planet-star merger which can be accompanied by an
optical or/and UV/X-ray transient. We calculate timescale of migration for different
parameters of planets and binaries. Our results demonstrate that planets can fall on
their host stars within the lifetime of the late-type donor for realistic sets of parameters.
Key words: binaries: close – accretion, accretion discs – planet-disc interactions
1 INTRODUCTION
Modern observations demonstrate a plethora of different ex-
oplanets and extrasolar planetary systems. The number of
confirmed exoplanets has exceeded ∼ 35001 at the time of
writing this paper. Approximately two thirds of stars (the
exact fraction depends on masses) are members of binary
or multiple systems (e.g. Raghavan et al. 2010). They can
also host planetary systems which are divided in two types:
p-type (when a planet orbits the whole binary) and s-type
(when a planet orbits one member of the system). Now > 100
of known exoplanets are found in binary (or multiple) sys-
tems (Schwarz et al. 2016).
Multiple, and in particular binary, systems hosting plan-
ets present a specific laboratory for testing planet formation
and evolution scenarios. The presence of a companion star
would affect the process of planet formation and evolution.
In this paper we consider a planet on an s-type orbit around
a secondary (initially less massive) solar-like star. A planet
can survive dynamical evolution of the binary up to a spe-
cific moment when an accretion disk is formed around its
host star due to a stellar wind from the primary component.
1 Open Exoplanet Catalogue http://www.
openexoplanetcatalogue.com/
Gravitational perturbations due to presence of a stel-
lar companion might be crucial for planet formation either
via core accretion or by protoplanetary disk instability, es-
pecially in the case of close binaries with separations less
than ∼ (20 − 100) AU. Nevertheless, survival of planets in
some close binaries with separations of tens of AU suggests
that these perturbations are not always severe enough to
preclude planet formation (see e.g. Santos et al. 2002; Farihi
et al. 2013; Gould et al. 2014).
The presence of a stellar companion results in trunca-
tion of a circumstellar protoplanetary disk (Kley & Nelson
2010), hence limiting planet formation and reducing planet
occurrence by a factor of two or even larger for very compact
binary systems (Wang et al. 2014).
In this study we are interested in systems where the pri-
mary (initially more massive companion of a binary) is an
evolved donor star that experiences a mass loss via intense
low-velocity stellar wind resulting in an accretion disk for-
mation around the secondary. Mass transfer from an evolved
donor to its companion star is a typical result of binary evo-
lution. Formation of a disk around the acceptor yields a
significant impact on the evolution of the planetary system
around it. The lifetime of an accretion disk depends mainly
on the duration of the red giant phase of the primary and
hence on its mass. For primaries considered in this study,
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lifetime of accretion disks is about 10 Myr and is compa-
rable with a typical protoplanetary disk lifetime which is
∼2-3 Myr (Li & Xiao 2016). Thus, such accretion disk is a
relatively long-living structure significantly influencing evo-
lution of embedded planets. The newly formed disk around
a Main sequence (MS) companion might interact with a pre-
existing planet, resulting in its growth and migration.
Wind-fed discs in binaries have been studied for many
decades with different techniques (analytical and numeri-
cal models with variety of assumptions). Perets & Kenyon
(2013) studied evolution of a non-stationary disk and ob-
tained that disks in binaries with separations less than 100
AU, and with masses of a donor and an accretor equal to
3 M and 1 M, respectively, reach steady state within 1-2
Myr. Under realistic assumptions it can be shown that the
viscous timescale corresponding to an active disk supplied
by a stellar wind at a rate in the range 10−5 − 10−8 M yr−1
does not exceed the wind variation timescale in the case
of a red giant donor with M ≈ (3 − 5) M. Thus, in this
paper we employ quasi-stationary disk models. We use two
disk models. The first model is the standard accretion disk
driven by effective viscosity described by Shakura & Sun-
yaev (1973) (Sec. 2.2). The second model is also described
using the α-disk approach, but unlike the first model it in-
corporates wind matter settling, stellar irradiation, and dust
evaporation (Sec. 2.3).
Planet-disk interactions in binaries are usually studied
in terms of a planet embedded in a circumbinary or cir-
cumstellar protoplanetary disks (see Kley 2017 and refer-
ences therein). In this work we consider a planet experienc-
ing type I and type II migration in disks of different ori-
gin and with distinct properties rather than protoplanetary
disks. We study a circumstellar disk formed by wind matter
captured from an evolved companion star. Matter is contin-
uously added to the disk, and then is accreted onto the MS
star hosting the planet. The planet evolves in this disk and,
finally, may coalesce with the star.
For type I migration we use equations given in Tanaka
et al. (2002) which correspond to a quite rapid orbital evo-
lution. If inward planet migration is effective enough then
it results in a planet-star direct impact, or a planet can be
tidally destroyed by the host star, or stable accretion from
the planet to the star can be initiated, depending on the
ratio between planetary and stellar average density (see e.g.
Metzger et al. 2012). The duration of the planet migration
strongly depends on the surface density and the scale height
of the disk. Expected migration time in the accretion disk in
an evolved binary is larger than in a typical protoplanetary
disk since the former has lower density than the latter one.
In this study we calculate the timescale of planet migration
for various masses of stellar components, different binary
separations, and planetary masses in order to compare it
with the accretion disk lifetime defined by the lifetime of a
red giant (RG) donor star.
In the following section we describe two models of wind-
fed accretion disks which we use in this study. Next, in Sec.
3 equations of the planetary migration are presented. Then
in Sec. 4 our results are given. They are discussed in Sec. 5.
Finally, we summarize our conclusions in the final section.
2 WIND-FED ACCRETION DISK
In this section we present our approach to calculate accretion
disk properties.
2.1 Accretion rate
Defining mass loss rate of the donor as ÛMw, we suppose that
the disk viscous timescale is less then the timescale of wind
variations: tvis  t ÛMw , here t ÛMw = ÛMw/ ÜMw. We build a quasi-
stationary model of a geometrically thin H  r accretion
disk, r is a radial distance from the star, and H is the ver-
tical scale height at this r. The disk matter is moving in
Keplerian orbits around a MS star of mass M2 with orbital
angular velocity Ω =
√
GM2/r3. We use α-viscosity approach
that was first described by Shakura (1972). The viscosity is
parameterized as:
ν = αcsH, (1)
with viscosity parameter α, where cs is the sound speed in
the disk midplane related to H as:
H = csΩ−1, (2)
according to vertical hydrostatic equilibrium. The sound
speed is:
cs =
√
γkTc
µmH
, (3)
where γ is the specific heat ratio, µ is the mean molecular
weight, k is the Boltzmann constant, Tc is the disk midplane
temperature, and mH is the hydrogen atom mass. We follow
Soker & Rappaport (2000) to reveal conditions of disk forma-
tion from wind in a binary. Assuming M2 ∼ M and radius
of the MS star R2 ∼ R, wind accretion disks are formed in
binaries with a . 10–100 AU for M1 ≈ 1–10 M and relative
velocity of wind and accretor vrel ≈ 5 − 20 km s−1. The rel-
ative velocity of the wind here is defined as vrel =
√
v2w + v
2
s ,
vw is the wind velocity at location of the secondary star and
vs =
√
GM21 /[M1 + M2]/a is the orbital velocity of the sec-
ondary (implying that the origin is set to the center of mass
of the system).
Typical mass loss rates of RG tars are ÛMw ∼ 10−9−10−6
M yr−1 (Ramstedt et al. 2006). The mass loss rate of a
donor star in our calculations is obtained using re-derived
classical Reimers law (Schro¨der & Cuntz 2005):
ÛMw = η(L1/L)(R1/R)(M1/M)−1
(
T1
4000 K
)3.5 (
1 +
g
4300 g1
)
,
(4)
here η = 8×10−14 M yr−1, g — solar surface gravitational
acceleration, L1, R1, and M1 refer to luminosity, radius, and
mass of the donor star. Mass loss rate depends on effective
temperature T1 and surface gravitational acceleration g1 of
the donor star. In order to obtain L1, R1, M1, and T1 we use
stellar evolutionary tracks calculated by the Padova group
(Bressan et al. 2012)2.
2 Padova stellar evolutionary tracks are available on-line at http:
//pleiadi.pd.astro.it/
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To estimate the accretion rate by the secondary we use
the Bondi-Hoyle rate for an isotropic wind from the donor:
ÛM totacc
ÛMw
=
( ra
2a
)2
, (5)
where the Bondi accretion radius ra is defined as:
ra =
2GM2
v2rel + c
2
w
, (6)
here cw is the sound speed in wind.
2.2 Standard disk
The first model that we use will be referred as the standard
disk (SD). In the SD model matter enters the disk formally at
infinite distance. The continuity equation yields the constant
mass accretion rate across the disk:
ÛM = ÛM totacc. (7)
Together with eq. (7) the angular momentum conserva-
tion law yields the following expression (Shakura & Sunyaev
1973):
νΣ =
ÛM totacc
3pi
f , (8)
where Σ is the surface density of the disk and
f = 1 −
( rin
r
)1/2
(9)
is a usual additional factor originating from the zero-torque
boundary condition, which tends to unity far from the inner
boundary of the disk.
Equations (1), (2), (3) and (8) enable to express the
surface density and the vertical scale height in terms of Tc
as follows:
Σ =
mHµ
3piγkB
Ω f ÛM totaccα−1T−1c , (10)
H =
(
γkBTc
µmHΩ2
)1/2
. (11)
The midplane disk temperature in a SD is determined
by Tc = Tv, where the “viscous” temperature Tv is estimated
for optically thick disk as (Ruden & Lin 1986):
Tv =
(
27κνΩ2Σ2
64σ
)1/4
, (12)
where σ is the Stefan-Boltzmann constant. Here, the mid-
plane optical depth is estimated as τ = κΣ/2 with the opacity
assumed to be constant κ = κ0, where κ0 = 2 cm2 g−1 is a
typical value for cool disk material of solar metallicity filled
with dust grains.3
Equation (12) allows us to obtain the following disk
profiles explicitly:
Σ = 4.6 α−4/5m1/5 Ûm3/5 f 3/5r˜−3/5 g cm−2, (13)
3 In this study we discuss only planet migration within the snow
line zone, i.e. we neglect complications of opacity in cold regions
of the disk.
H = 8.5 × 1011 α−1/10m−7/20 Ûm1/5 f 1/5r˜21/20 cm, (14)
where m = M2/M, Ûm = ÛM totacc/[10−10 M yr−1] and r˜ = r/AU.
2.3 Accretion disk with matter settling
The second approach that we apply in this study is based
on a concept of a disk with matter settling (DMS).
In this case the wind matter settles onto the disk surface
at all radii within the Bondi accretion radius ra. Following
Perets & Kenyon (2013) we define the source of matter in a
disk as:
ÛΣext(r) =

ÛM totacc
2pirra
, r < ra
0. r ≥ ra
(15)
Then, the continuity equation in the disk takes the fol-
lowing form:
1
r
∂
∂r
ÛM(r) = −ÛΣext. (16)
The mass flow rate within the disk is defined as:
ÛM(r) = −2pirΣvr, (17)
where vr is the radial velocity in the disk.
Angular momentum conservation law in the disk can be
written as:
1
r
∂
∂r
(
r3ΩΣvr
)
=
1
2pir
∂G
∂r
+Ωr2 ÛΣext, (18)
where we define the viscous torque:
G = 2piνΣr3dΩ/dr .
Using the continuity equation and the zero torque condition
at the inner disk boundary νΣ (rin) = 0 we obtain:
νΣ =
1
3pir2Ω
(
ÛMΩr2
r
rin
+
∫ r
rin
2piΩr3 ÛΣextdr
)
. (19)
It can be shown that eq. (19) reduces to the expression (8)
if we set ÛΣext = 0. If one uses the explicit expression for the
mass source then eq. (19) is reduced to the usual expression
for standard disk, see eq. (8), with f given as:
f =

ra + rin − r
ra
−
( rin
r
)1/2
+
2
3
r
ra
[
1 −
( rin
r
)3/2]
, r < ra
rin
ra
−
( rin
r
)1/2
+
2
3
( ra
r
)1/2 [
1 −
(
rin
ra
)3/2]
, r ≥ ra
. (20)
Note that away from both the inner boundary (i.e., at
r  rin) and the Bondi accretion radius (i.e., at r  ra) the
expression (20) simplifies to
f = 1 +
1
3
r
ra
. (21)
In the DMS model we take into account an additional
heating of the disk, which occurs due to radiation from the
host star and dissipation of the kinetic energy of wind ma-
terial falling onto the disk surface. In order to calculate the
midplane disk temperature in this case, we use the following
equation:
T4c = T
4
v + T
4
irr + T
4
fall, (22)
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where Tv is defined as in the case of the SD model by eq.
(12), whereas Tirr and Tfall are, respectively, the irradiation
temperature due to heating from the host star, and the tem-
perature due to disk heating by the wind material falling
onto the disc surface. We write eq. (22) following Calvet
et al. (1991) (see their Section 2). These authors provide a
justification for the superposition treatment of solutions for
transfer equation in the case when additional external heat
is fully radiated back from the disk photosphere.
With regards to the heating by the falling wind mate-
rial, see Perets & Kenyon (2013), the thermal energy input
into an annulus of a unit area at radius r is:
σT4fall =

GM2 ÛM totacc
2pir2ra
, r < ra
0, r ≥ ra
, (23)
which defines Tfall.
Next, in vertically isothermal disk the irradiation tem-
perature Tirr is a function of the effective temperature of the
star, T2, and the star radius R2 (Chiang & Goldreich 1997):
T4irr
T42
=
2
3pi
(
R2
r
)3
+
H
2r
(
R2
r
)2 ( ∂ln H
∂ln r
− 1
)
. (24)
Let us impose ∂ln H/∂ln r = 9/7 following Chiang & Gol-
dreich (1997). Using eq. (2) and eq. (3), we obtain Tirr as a
function of Tc.
We solve equation (22) numerically using Newton-
Raphson technique following the approach by Perets &
Kenyon (2013).
Additionally, for the DMS model we take into account
that in the region near the secondary component the disk
temperature increases enough to vaporize dust implying a
change in opacity (Chambers 2009). The opacity of the disk
matter is determined as:
κ = κ0
(
Tc
Te
)mk
, (25)
where Te=1380K is the dust evaporation temperature and
κ0 is defined in the previous Section. The exponent in the
eq. (25) is defined as mk = −14 when Tc > Te (Ruden & Pol-
lack 1991) and mk = 0 for Tc < Te. Every time the former
inequality is satisfied, we check that τ does not fall below
unity. Even though eq. (25) introduces the drastic decrease
of opacity, it was checked that the inner parts of DMS re-
main optically thick in the range of accretion rates consid-
ered here.
The surface density and vertical scale height as func-
tions of Tc are still given by eqs. (10) and (11) with the
factor f defined by eq. (20).
The equations above do not depend on the value of the
outer disk radius. Formally, we consider that it is limited by
the Roche limit of the secondary rout (Eggleton 1983):
rout
a
=
0.49q2/3
0.6q2/3 + ln(1 + q1/3) . (26)
We consider planets at the distance from the host star rp <
rout. It is assumed that the semi-major axis of the binary, a,
is constant over time.
Young stars have strong enough magnetic fields to trun-
cate the disk quite far from the star surface. In this work we
consider an evolved MS star with a magnetic field which is
generally negligible for the accretion dynamics. At the same
time, the width of the boundary layer, which forms between
the star surface and the disk, ∆rbl/r ∼ (H/r)2, (Armitage
2010). Thus, ∆rbl  R2, so we set the inner boundary of the
disk be equal to the radius of the secondary:
rin = R2. (27)
3 PLANET MIGRATION IN GASEOUS DISK
Accretion disk interacts with an embedded planet via gravi-
tational torques which cause planet migration. The lifetime
of an accretion disk is constrained by the duration of the RG
phase of the mass losing star & 107 yrs for M1 . 5 M, which
is longer than the lifetime of a protoplanetary disk and al-
lows migration of planets to become even more considerable
than at the birth of a planetary system.
The detailed physics of the planet-disk gravitational
interaction is a complicated topic (see e.g. the review by
Paardekooper & Johansen 2018). Planetary mass is an im-
portant parameter that defines the regime of migration.
Type I migration occurs in the case of a low-mass planet
whose interaction with disk matter generates weak density
waves which in general carry away the planet orbital angular
momentum in the linear regime. In the case of a high-mass
planet its gravitational torques are strong enough to create
an annular gap around the planet. This corresponds to type
II migration which occurs at the rate of viscous transfer of
angular momentum in a disk.
3.1 Type I migration
In order to calculate the total torque acting on a planet of
a mass Mp at a distance rp from the host star in the disk
with surface density Σ(r) ∼ r−α¯ and thickness H(r) we use
the result of Tanaka et al. (2002):
dJp
dt
= − (1.36 + 0.54α¯)
(
Mp
M2
)2 (H
rp
)−2
Σr4pΩ
2
p, (28)
where Ωp(rp) is the Keplerian frequency at rp and Jp =
MpΩpr2p is the angular momentum of a planet in a Keple-
rian orbit. Eq. (28) is obtained for the basic model case of
three-dimensional isothermal disk. The corresponding rate
of planet migration is:
drp
dt
= − (2.72 + 1.08α¯) Mp
M22
(
H
rp
)−2
Σr3pΩp. (29)
Eq. (29) is valid for a planet embedded into a disk
around a single star. However, tidal effects of a stellar com-
panion on the disk material may be crucial for a subtle
physics of planet-disk interaction. Thus, one should com-
pare disturbing forces acting on a disk from the planet and
the companion. The condition that gravitational interaction
between the planet and disk material close to the planet is
stronger than the tidal action of the companion reads:
GMp/r¯2 > GM1rp/a3, (30)
where r¯ = 2H/3 is the approximate location of the strongest
resonances that exist in an annulus around the planet (Ward
1998; Artymowicz 1993). Eq. (30) enables us to put the lower
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limit on the planet-to-primary-star mass ratio q′ ≡ Mp/M2.
This lower limit on q′ is the following:
q′min =
4
9
M1
M2
(
H
rp
)2 ( rp
a
)3
. (31)
The value of minimum planet mass defined by eq. (31)
at rp ∼ 1 AU does not exceed ∼ 0.005 MJup for systems
with the 5 M donor and rapidly vanishes as the planet
approaches the host star.
Additionally, the dynamical interaction of stellar com-
panion with the planet imposes the maximum semi-major
axis for stable orbits of s-type planets (Holman & Wiegert
1999):
rmaxp
a
= 0.464 − 0.38 M1
M1 + M2
. (32)
We stop planet migration at rfinp which is defined as:
rfinp =
(
R13/2in + 29.25
√
GM2R
5
2
Mp
Q
tRG
)2/13
(33)
where the tidal dissipation parameter Q is set to 105.5, while
tRG is duration of the red giant phase which defines the life-
time of an accretion disk. The expression (33) is obtained by
integration of expression (2) in Jackson et al. (2008) (con-
sidering e=0).
3.2 Type II migration
The planet transfers angular momentum to the outer disk
(r & rp) and gains it from the inner disk (r . rp). If the
absolute value of torque exerted by the planet on disk is
larger than the viscous torque then an annular gap forms.
Baruteau et al. (2014) obtained the critical planet-to-star
mass ratio q′ for gap opening:
q′crit =
100
R
[
(X + 1)1/3 − (X − 1)1/3
]−3
, (34)
where X =
√
1 + 3RH3/(800 r3p ) and R = r2pΩp/ν is the
Reynolds number corresponding to effective viscosity in a
disc. In order to analyze type II migration we consider plan-
ets with q′ > q′crit.
In this regime a planet migrates inwards together with
the local disk material at the rate equal to the radial velocity
of gas in an unperturbed disk regardless of the mass of the
planet:
drp
dt
= −3
2
α
(
H
rp
)2
f −1vK, (35)
where vK is Keplerian velocity in the disk at the distance rp,
while f is defined by eq. (9) and eq. (20) for, respectively,
SD and DMS.
4 RESULTS
To obtain the time of planet migration in wind-fed accretion
disks we consider disk models for different values of free
parameters such as binary separation a and mass loss rate
ÛMw. Binary and planet orbits are circular (e = 0). For each
model we set vw = 20 km s−1, cw = 10 km s−1, M1 = 5 M,
0.01 0.1 1
101
102
103
104
T 
[K
]
r [AU]
SD
10-5
10-6
10-7
10-8
0.01 0.1 1
101
102
103
104
DMS
Figure 1. Midplane temperature profiles: the left and right pan-
els correspond to the SD and DMS models, respectively. Line
styles refer to different mass loss rates of the red giant (shown in
the legend in solar masses per year), binary separation is set to a
constant value 30 AU.
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Figure 2. Surface density profiles: the left and right panels rep-
resent the SD and DMS models, respectively. Line styles refer to
different mass loss rates of the red giant, binary separation is set
to a constant value 30 AU.
M2 = M, R2 = R, α = 0.01. The total rate of mass capture
(5) and the Bondi radius eq. (6) are obtained for each set
of parameters a, ÛMw. This specifies profiles of Σ(r) and H(r)
for each disk model. Further, we solve differential equations
(29) and (35), respectively, for type I and type II migration
in order to obtain the full time it takes the planet to reach
the host star. Below we denote the latter by tm.
In Sec. 4.1 and 4.2 it is assumed that the primary loses
mass at a constant rate ÛMw, in Sec. 4.3 the mass loss rate
varies over time.
4.1 SD and DMS profiles
For representative binary separation a = 30 AU and mass
loss rate in the range ÛMw ∼ 10−8 − 10−5 M yr−1 Eq. (5)
yields the accretion rates ÛM totacc ∼ 2.5×(10−11 −10−8) M yr−1
which are typical for mature protoplanetary disks. Thus, we
expect that wind-fed accretion disks resemble evolved low-
mass protoplanetary disks, see also Perets & Kenyon (2013).
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Figure 3. Migration time scale tˆm for a planet at the orbital
distance 1 AU. Top panel: type I migration time dependence on
binary separation for 0.01 MJup planet. Bottom panel: types I, II
migration time dependence on planet mass. Binary separation is
set to 30 AU. Line styles refer to the different mass loss rates of
red giant (shown in the legend in solar masses per year). Left and
right panels are obtained for SD and DMS models, respectively.
Horizontal thick line refers to the disk lifetime which is limited
to the duration of red giant phase of the donor with mass 5 M
(Bressan et al. 2012). Calculations are made for the constant mass
loss rate.
In this Section we compare the disc midplane temperature
and surface density profiles for DMS model with that of SD
model. These profiles are shown in Figs. 1, 2.
First, as soon as the disc is fed by strong stellar wind
with the rate higher than ∼ 10−6 M yr−1 its structure is de-
termined predominantly by viscous heating (note, that such
a strong wind can exist just for a relatively short period of
time). In this case, both models give quantitatively similar
distributions of Σ and Tc at the sufficiently large radii. Thus,
the disc is insensitive to modification of angular momentum
balance introduced by the settling wind material, cf. eqs.
(8) and (19) as well as the subsequent eqs. (9) and (20). Ad-
ditionally, the contribution of the falling matter to the disk
heating (see eq. 23) is small compared to viscous dissipation,
which can be shown with the help of eqs. (8), (21) and (12):
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Figure 4. The full migration time, tm, for the same free param-
eters as in Fig. 3.
T4fall
T4ν
∼ r
raτ
(36)
provided that the heating rate due to the falling matter is
given by eq. (23) and one considers the disk energy balance
far from both rin and ra.
The change of the slope of the DMS temperature profile
at small radii . 0.2 AU indicates significant opacity mod-
ification according to eq. (25) as the evaporation of dust
is included into this model. Drastic decrease of the opacity
leads to much lower midplane temperature in the region of
dust evaporation in contrast to the SD case. Since the sur-
face density is inversely proportional to the temperature for
the same value of the accretion rate, see eq. (10), this re-
gion corresponds to the increased surface density of DSM as
compared to SD (see Fig. 2). Thereby, in the case of strong
stellar wind inner parts of DMS are generally cooler and
denser than its SD analogues.
Disks fed by a weak stellar wind with the rate lower
than ∼ 10−7 M yr−1 are strongly affected by stellar irradi-
ation. In contrast to SD which becomes progressively cooler
as the accretion rate decreases, the temperature profiles of
the corresponding DMS virtually coincide with each other
as seen on the right panel in Fig. 1. According to eq. (10),
the surface density of such DMS is decreased in comparison
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with the corresponding SD obtained for the stellar wind of
the same intensity. Thereby, in the case of weak stellar wind
DMS is generally hotter and less dense than SD at all dis-
tances from the host star (see two bottom lines on left and
right parts of Fig. 2). At the same time, DMS are not hot
enough to evaporate dust and break the profiles in this case.
4.2 Migration in the SD and DMS
At first, we estimate the migration time scale at r = 1 AU,
see Fig. (3):
tˆm =
rp
drp/dt , (37)
where drp/dt is defined by eq. (29) for type I and eq. (35)
for type II migration, correspondingly. Generally, type I mi-
gration time scale (see the top panels in Fig. 3) grows either
with a binary separation or with a decrease of the mass loss
rate of the donor in both SD and DMS models, since in the
both cases the host star captures less wind material con-
structing an accretion disk of smaller density. Furthermore,
in the case of DMS this tendency looks much stronger. Par-
ticularly, in the case of DMS tˆm exceeds the disc lifetime forÛMw . 10−8 M yr−1 and M1 ∼ 5 M throughout the con-
sidered range of a in sharp contrast to that of SD. Also, for
the particular ÛMw migration slows down faster in the case
of DMS as one proceeds to binaries with larger separations.
The reason for such difference between migration rates in
SD and DMS is caused mostly by stellar irradiation, which
makes DMS less dense for the same ÛMw, see Section 4.1.
The transition from type I to type II migration, see the
bottom panels in Fig. 3, occurs when the planet-to-star mass
ratio starts to exceed the critical value defined by eq. (34).
This ratio depends on the disk vertical scale height and, ac-
cordingly, on both the mass loss rate of the red giant and the
binary separation. Hence, for different curves in Fig. 3 tran-
sition to type II migration occurs for different planet mass.
Generally, the higher is the mass loss rate of the red giant,
the faster are both type I and type II migrations and the
higher planet mass corresponds to the transition between
them. However, the heating of disk by stellar irradiation in-
cluded in DMS speeds up type II migration and defers the
transition from type I migration as one approaches the Jo-
vian mass. Combination of the slowdown of type I migration
with the speedup of type II migration in this case leads to
an abrupt increase of the migration rate as gap is opened
around the planet.
Note that for disk models considered here type I mi-
gration always proves to be slower than type II migration.
Thus, we do not find rapid type I migration revealed in the
studies of protoplanetary disks (see e.g. Bate et al. (2003)),
when tˆm would be shorter than the corresponding type II
migration time scale. The model used by Bate et al. (2003)
is constructed for fiducial constant aspect ratio H/r = 0.05,
which provides a denser disk as compared to SD with the
same H/r. For example, in Bate et al. (2003) Σ = 50 g cm−2
at 5 AU, whereas for SD Σ = 10 g cm−2 at the same distance.
We check that both SD and DMS acquire a higher surface
density as one changes to the opacity of icy dust, κ ∝ T2c ,
appropriate in a disk beyond the snowline resulting in the
increase of type I migration rate. However, in this study we
consider migration inside the snowline.
To make sure that tˆm provides a good estimate of time
that planet spends to get close to the host star, we obtain
full migration time tm, see Fig. 4. The value tm is obtained
integrating Eq. (29) and Eq. (35), respectively, for type I and
type II migration. The integration is terminated as planet at-
tains distance, where tidal dissipation effects become strong
enough to keep on the approach of the planet to the star
surface. This final distance is estimated using Eq. (33). As
can be seen in Fig. 4, tm is higher than tˆm by a factor of
few. Moreover, this correction is less noticeable in the case
of DMS.
4.3 Migration in the DMS fed by time-dependent
stellar wind
In this section we present our main results. We consider
migration in DMS with the account of time-dependent stel-
lar wind. To obtain the instant ÛMw we use Eq. (4) along
with Padova database of stellar evolutionary tracks (Bres-
san et al. 2012) which provides us with L1 and R1 for each
moment of time. Differential equations (29) and (35) are
solved, respectively, for type I and type II migration includ-
ing the variations of Σ and H due to variations of the mass
loss rate of the red giant.
Evolution of semi-major axes of planets in this situation
is shown in Fig. 5 for the particular choice of donor mass and
binary separation. We conclude that even strong variations
of stellar wind during the red giant phase of the primary
leave the basic result unchanged, i.e. planet has enough time
to approach the star surface in wide range of masses. The
shape of the curves in Fig. 5 that represent migration of
planets with mass less than 0.2 MJup reflects the behaviour
of stellar wind over time. One finds that migration slows
down from t & 106 yr, accelerating again from t & 4× 106 yr.
Additionally, the final cutoff seen for curve corresponding to
0.04 MJup is related to the dramatic increase of the donor
mass loss rate at the end of the red giant phase (see Fig. 6).
The transition from type I to type II migration occurs at
various distance from the host star depending on the planet
mass. For more massive planets it occurs at larger distances,
while it is absent for sufficiently low masses such as 0.01−0.2
MJup. As soon as migration is changed to type II, planet
rapidly moves towards the star.
5 DISCUSSION
In this section we briefly discuss a number of simplifying
assumptions of our model that can be relaxed in the future
work.
5.1 Role of irradiation by the companion
The size of the red giant changes dramatically with time. At
some point, the stellar radius becomes large enough to irra-
diate the surface of the disk, which may significantly increase
its temperature since the red giant has large luminosity. This
effect was not taken into account in our model. However, the
case when it is important can be identified by the following
condition:
βdisk = βgiant, (38)
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Figure 5. Evolution of semi-major axes of planets migrating in
DMS fed by stellar wind alternating over time. The dashed and
the solid parts of each curve represent, respectively, type I and
type II migration. Different styles of dashed curves introduce the
planet mass given in units of the Jupiter mass (see the legend).
Planet masses monotonically decrease from left (lower) curves to
right (upper) curves. Grey region refers to migration of planets
with masses 0.1-0.2 MJup in disk fed by constant wind with mass
loss rate 10−8 M yr−1. Note, that for low masses the transition
to type II migration does not occur. Binary separation is set to
10 AU and donor star mass is 5 M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Figure 6. Mass loss rate of the giant changing with time. The
giant mass is 5 M. Mass loss rate is calculated using eq. (4) and
Padova stellar evolutionary tracks (Bressan et al. 2012).
where βdisk is the disk grazing angle and βgiant is an angle
between the orbital plane and the direction from the disk
inner edge to the red giant tangent to its surface. In this
study we consider disks existing from the beginning of the
RG stage till condition (38) is reached. For the 5 M donor
Eq. (38) is satisfied after 1.25×107 years after the beginning
of the RG phase, which is close to the lifetime of the RG.
5.2 Improved model of migration
Numerical studies of planet migration in non-isothermal pro-
toplanetary disks which take into account thermal and vis-
cous diffusion show that type I migration of super-Earths
substantially decelerates or even reverses outwards, see
Paardekooper & Mellema (2006), Kley & Crida (2008) and
Kley et al. (2009). Analytic considerations, e.g. Baruteau &
Masset (2008) and Paardekooper & Papaloizou (2008), re-
veal a key role of U-turn motions of gas in the horseshoe re-
gion around a planet, which contribute to corotation torque.
The latter remains unsaturated in the course of planet mi-
gration in the case the time of viscous and thermal diffusion
in a disk are comparable to characteristic period of U-turn
motions. The corresponding modification of type I migration
should have implications for planet orbital evolution in wind-
fed accretion disks considered in this paper. Analytic formu-
lae for migration torque with the account of dissipative ef-
fects suggested by Paardekooper et al. (2010), Paardekooper
et al. (2011) along with Masset & Casoli (2010) and Jime´nez
& Masset (2017) can be used for more consistent treatment
of type I migration in such disks.
Another effect which should be important for low-mass
wind-fed disks is slowdown of the type II migration due to
inertia of a planet when matter in the disk piles up beyond
the gap. That is, if the planet becomes more massive than
the part of the disk inside the planet’s orbit, Md, the mi-
gration rate is reduced by the factor ∼ Mp/Md according
to Ivanov et al. (1999). At the same time, the migration
timescale should be less than the characteristic time of ac-
cretion onto the planet which is Mp/ ÛM totacc in our notations.
For the least mass loss rate of the donor considered here
ÛMw ∼ 10−8 M yr−1 the latter becomes ∼ 108 yr for planet
of Jovian mass, which is significantly longer than the dura-
tion of the RG phase for donor with mass 5 M.
5.3 Orbital eccentricity and inclination
In this study we consider only circular orbits under the as-
sumption that planet orbit lies in the disk plane. However,
eccentric orbits, as well as orbits inclined with respect to
the host star rotation axis and with respect to each other
are common in planetary systems (Winn & Fabrycky 2015).
Rotation axes of binary components may be inclined
with respect to the orbital plane of the binary (Hale 1994),
and planets can be formed in such systems (Zhang et al.
2018). Inclination and shape of an s-type planetary orbit
can evolve in a binary system due to Lidov-Kozai effect (Li-
dov 1962; Kozai 1962). In addition, the orbital plane can
be modified in a system where the host star spin axis and
orbital angular momentum of the binary are not aligned
(Batygin 2012). This suggests that generally, at least in the
beginning of the red giant phase of the primary, the orbit
of a pre-existing planet is not necessarily circular and/or is
not aligned with the plane of a newly formed wind-fed disk
(however, recent studies provide arguments that misalign-
ment of stellar spin axes with the orbital angular momentum
is more an exclusion than a typical situation, see Sybilski
et al. 2018). How this affects planet migration in wind-fed
accretion disks is a subject of future research. Eccentricity
and inclination of planet orbits are known to be damped
by interaction with protoplanetary disk. For values of those
quantities less than the disk aspect ratio ∼ H/r damping
rate is higher than the migration rate by a factor ∼ (r/H)2,
— see the linear analysis by Tanaka & Ward (2004), — thus,
weakly affecting the migration. In contrast, for values of in-
clination and eccentricity larger than ∼ H/r the damping
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action of the disk is strongly reduced. The corresponding
estimates of inclination decay rate in the dynamical friction
approach give the characteristic time somewhat less than the
migration rate, see Rein (2012) and Papaloizou & Railton
(2013). Numerical simulations performed for massive plan-
ets Mp > 1 MJup on highly inclined orbits confirm that the
inclination decay rate decreases for increasing initial inclina-
tion and increases for increasing planet mass. At the same
time, the migration rate is considerably reduced at high in-
clinations (Papaloizou & Railton 2013).
5.4 Migration of distant planets
We do not address migration of planets from the outer parts
of the disk beyond the snow line. However, mostly planets
(and protoplanets) are formed in the zone of ice condensa-
tion beyond the snowline of protoplanetary disk, which nor-
mally corresponds to distances from several to ten AU for
different host stars and molecules. Formation of a new disk,
as suggested here, should initiate migration of these distant
bodies closer to the secondary star, possibly followed by a
subsequent multiple planet-star mergers. Such a problem is
straightforward to solve incorporating the transition to the
opacity of icy dust in the disk model. Similar to the situation
in protoplanetary disk, see e.g. Bell et al. (1997), wind-fed
disks are expected to be relatively cold and dense beyond
its own snowline, providing a faster type I migration than
considered above.
5.5 Binaries with less massive donors
In the examples above the mass of the donor was assumed
to be 5 M. Such stars have mass loss rate at the RG stage
& 10−8 M yr−1 (see Fig. 6). Our estimates show that less
massive donors with mass loss rate below 10−8 M yr−1 give
birth to disks, which are optically thin, at least, for rp &
1 AU. According to stellar evolutionary tracks, a star with
a mass less than 5 M remains at the RG phase for much
longer time up to ∼ 108 yr, however, they have substantially
weaker winds. This implies that planet migration in optically
thin wind-fed disks should take place in binaries with less
massive donors, which are more common. In this study we
considered only optically thick disks, however, the α−disk
model can be generalised to the optically thin case, see e.g.
Artemova et al. (2006).
5.6 Additional growth of planets
On average wind-fed disks must be less dense than young
protoplanetary disks (i.e. disks at the start of planet for-
mation) questioning whether the new planets may grow via
the standard “bottom-up” scenario of dust coagulation and
planetesimal accretion. Nevertheless, this may be compen-
sated by the long existence of such disks. Indeed, even for
the smallest mass loss rate of the donor considered here
ÛMw ∼ 10−8 M yr−1 the total mass captured by disk along
its lifetime ∼ 107 yr approaches the Jovian mass. Further
growth of pre-existing planets must be another important
process to be studied in wind-fed disks in binaries — both,
for the analysis of new paths of planet formation and in con-
nection with planet-star mergers since an additional planet
growth enhances planet migration. It would be interesting
to consider the particular case of pre-existing super-Earths
and icy giants in this context, as they represent probably
the largest population of planets.
The core accretion formation of giant planets adapted
for the case of wind-fed disks in binaries suggests that the
outcome of an additional planet growth is controlled, at first,
by the critical core mass for quasi-static accumulation of en-
velope and, at second, by the conditions in the surrounding
disk which define the rate of the runaway growth. The crit-
ical core mass crucially depends on the rate of the envelope
heating, which in turn is defined by the accretion rate of solid
material onto the pre-existing planet. The amount of solid
material either in the form of pre-existing debris, or in the
form of newly coagulated peebles, or in the form of newly
accumulated planetesimals is a unknown quantity. The is-
sues just mentioned above deserve a detailed research, while
the study of planet formation in “next generation” disks in
binaries is at the beginning now (Hogg et al. 2018).
6 CONCLUSIONS
In this paper we studied an idealized situation when a planet
in a binary system is embedded into an accretion disk copla-
nar with its s-type orbit. The disk is formed by stellar wind
of the second (more massive) evolved 5-solar mass compan-
ion. We analyse migration (I and II type) within the snow
line for different types for two types of accretion: standard
α-disk and α-disk with matter settling on the disk surface
within the Bondi radius.
We demonstrate that massive planets (& 0.1 MJup) can
migrated in such a disk down to the stellar surface dur-
ing the RG stage of the companion. Thus, binary systems
with evolved companions can contribute to star-planet co-
alescence which can be potentially observed in the near fu-
ture.
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